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ABSTRACT

A test program was undertaken to determine the effects of cracks in

the meridian welds of the SATURN S-IVB Aft (10X) Dome. Panels of
2014-T6 were fabricated on production and on laboratory MIG welding
fixtures using 4OU3 filler wire. The panels, containing artificial
cracks in the welds, vere tested at TO°F and at -320°F. Some panels,
teéted at -320°F, were loaded to a proof stress level at 70°F prior

té testing. Both static and cyclic tests were performed. The effects
of repair welding, panel width, and crack size were examined. It was
found that partial-thickness cracks extend on rising load, a phenomenon
promoted by the presence of bending. Very deep partial-thickness cracks
can extend and penetrate the thickness causing a 1eak7 It was concluded
‘that the current proof test of the 8-IVB LOX tank, followed by post-
f/proof inspection and leak testing of the welds, provides adequate

assurance that the LOX dome is safe under operating conditions.
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1.0 INTRODUCTION

This testing program was initiated to determine the ability of the
current proof test to detect pre-existing defects in the meridian
; welds of the aft (LOX) dome of the SATURN S-IVB. Artificial defects
| of various sizes were generated in welded 2014-T6 panels and the
panels were loaded under conditions simulating proof testing and
flight of the LOX tank. Production welding procedures for the
aft dome meridian welds were employed in preparing the test panels.
The results of the tests were analyzed to predict the minimum
defect sizes which cause crack propagation to occur at stresses

corresponding to proof and flight loading.

Proof test of the LOX tank is conducted by hydrostatic pressurization .

with water. At maximum proof pressure the meridian weld experiences
a calculated stress of 18.6 ksi normal to the weld. Panel tests
simulating proof conditions Vere therefore performed at room temp-
erature. During flight, the, meridian weld can experience a maximum
stress of 25.2 ksi at the temperature of liquid oxygen, -298°F.
Panel tests simulating flight con@itions were conducted in liquid

nitrogen at -320°F.




2.0 PROCEDURE

2.1 Welding

Weldments from which the several types of test specimens were excised were
prepared both in the Welding Development Laboratory and in the manufacturing
departments. In either case welding procedures ¢nd parameters conformed to
the process detailed in specification DPS 14052. Briefly, this consisted
of a square butt, single pass, MIG weld in 2014-T6 aluminum alloy sheet
using LOk3 alloy filler metal. After welding, the weld metal reinforcement
and underbead penetration were removed flush with the parent metal surfaces
by shaving and sanding. All welds were inspected by visual, penetrant, énd
X—fay methods to the quality requirements of DPS 14052. Only those welds

meeting these requirements were used to fabricate test specimens.

~ All of the 1aboratory welds were used in the weld land phase of the
investigation. These were 30-inch long by 15-inch wide welded panels in
0.221-1inch thick sheet. The materlal was chemically milled prior to welding
to a membrane thickness of 0.133-inch starting 1-9/16-inches from the butt
Joint interface. Welds were made both from the chem-milled side of the
Joint, and from the flat side according to the particular need of the
specimens to be tested. Virgin welds only were prepared in this phase

of the study. A cross-section drawing of the weld Jjoint and tooling

details for these laboratory weldments is shown in Figure 1.

Flat panel weldments for uniform thickness tests were prepared in pro-
duction tooling used for making SATURN S-IVB LOX dome meridian welds.

The tool is shown in Figure 2. This fixture, which is spherically

contoured, was used to weld flat panels. In order to insure that Joint
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Figure 1. Tooling and Joint Details for Laboratory Welds Used in|Weld Land Tests.




CROSS SECTION SHOWING
WELDING OPERATION

CLAMP BAR IN
WELDING POSITION

WELDING HEAD

i ‘
Y/

6//7

MERIDIAN WELDER

Figure 2. Saturn S—IVB Fixture for Seam Welding Gore Segments for Fwd Hydrogen, Lox and Common Bulkhead Domes




fit-up variations did not exceed process specificatioh 1limitations due

'to compound bending of the flat panels, it was necessary to limit weld

/ length to 30-inches, and the panel width to 14-inches in the 0.190-inch

thick sheet material. A series of such weldments were prepared to provide
the necessary number of test specimens. Both virgin and double-repaired

welds were made. The sequence for each was as follows:

Virgin: weld + shave

Double Repair: weld + shave + weld + shave + weld + shave

Weld panels for extra-wide (12-inch) and extra long (36-inch) uniform
thicsness specimens were prepared by extending the width of the ll-inch
wide panels to 36 inches. To do this, 1ll-inch extensions were welded to
each side of two l4-inch wide virgin weld panels. Welding of the 1lh-inch
wide panels was performed on the LOX dome fixture and welding of the
extensions was done in the Welding Laboratory. Extension welds were

made using two-pass, square butt MIG welding with one pass from each

side of the Joint in order to achieve maximum Joint efficiency with

minimum distortion.

2.2 Specimen Design and Preparation

Figure 3 illustrates the configuration of the tensile specimen used for
determination of joint and weld-metal mechanical properties. Fracture
toughness specimens for tests of weld joints with the land were L-inches

wide by 15-inches long and contained a centered weld perpendicular to

- the long dimension, as shown in Figure h. The majority of tests on
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uniform-thickness specimens (no weld land) was performed using specimens
6-inches wide by 1lhk-inches long, as shown in Figure 5. Several uniform-
thickness specimens, tested to evaluate effects of added width and
through-cracks, were 12-inches wide by 36-inches long, as shown in

Figure 6.

All specimens were permitted to remain at room temperature a minimum of
12 days prior to testing to ensure that the natural aging process,
which takes place in the weld at‘room temperature, was essentlially
complete. Certain 6-inch wide specimens were exposed to 160°F for
three days after proof testing to simulate the insulation cure cycle

used for the S-IVB stage.

2.3 Notching and Precracking

‘In order to brovide the desired variety of crack sizes in the fracture
toughness specimens, both flexure and axial tension-tension fatigue were
employed. An EDM notch was located in the center of the weld with the
long dimension of the notch being perpendlicular to the long axis of the
fracture toughness specimens. The notches were extended using low-stress
fatigue. The cycles required to grow the crack varied with the desired

crack size. Typical values ranged from 20,000 to 100,000 cycles.
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2.4 Crack Measurement

EDM notch, pre-crack, and final crack dimensions, depth (a) and length
(Ec,fo) were determined after testing directly from the fracture surfaces.
The method consisted of mounting the fractured specimen in a cross-slide
having a micrometer screw adjustment. The fracture surface was viewed
through a stereo microscope having ten to forty power magnification.

The specimen was traversed across the field of vision which included

& cross-hair sight, and micrometer readings were taken at points of
demarcation between specimen edge, notch edge, and crack edge. Both
fracture surfaces of each specimen were measured and the readings for
each were compared to establish the average. Both length and depth

measurements were made in the same manner.

The above described method of measuring cracks could be performed only
after specimen failure. An attempt was mede to establish a non-
destructive criteria for determining crack depth prior to and during

various phases of specimen testing. The method used and the results

achieved are described in Appendix A.

2.5 Testing

Table 1 shows the distribution of test specimens among the various
types of tests. The test variables included specimen type (b-inch
wvide weld land, 6- and 12-inch wide uniform thickness, and uncracked
tensile), processing (virgin and repair welds, proof stress, and cure
time), test temperature (+ TO°F and -320°F), flaw size and shape and

loading procedure (eccentric or symmetrical; static or eyelic).

11
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1k

A total of 78 Spécimens were tested, distributed as follows:

Weld land: 16

Uniform thickness:

S8ix-inch wide
static 30
cyclic T

Twelve-inch wide
static b

Uncracked tensile: 21

TOTAL 78

All tests at 70°F were conducted in ambient laboratory air. All tests at
-320°F were conducted with the specimen and grips immersed in liquid nitrogen
in a eryostat. BStatic tests were performed at a loading rate of approximately
S}OOO pounds per minute for 4- and 6-inch wide specimens and 10,000 pounds

per minute for 12-inch wide specimens. During proof tests and cyclic tests

maximum load was maintained for approximately 15 seconds before unloading.

Tensile tests of uncracked specimens employed strain gages bonded to the

* weld center to provide weld metal yield strength (Fty) and elastic modulus

(E¢) deta. In addition, conventional 2-inch extensometers were used to

provide weld joint yield strength date for comparison.

Methods for eccentric and symmetric loading of weld land specimens, shown in
Figure 7, are designed to simulate common types of bending loads which are
impoéed on the aft dome meridian welds during proof testing and flight

conditions.
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2.6 Date Computation

2.6.1 Partial-Thickness Crack Tests

Thé regults of fracture toughness tesis of partial-thickness crack
specimens were treated by plotting stress at fracture versus initial
flaw size. In order to extend the data bends somewhat beyond the actual
test conditions, apparent values of the critical stress intensity, Kte,
were calculated and used in generating data curves. The specimen and
erack dimensiodns, as well as the stresses at fracture, rarely complied
with empirical rules established some years ago (References 1, 2) for
partial-thickness crack specimen tests. For example, one of these rules
states that in order to employ the test results to calculate a valid Kte
the gross stress, Og, must be less than the yield strength, oy. Maximum
operating stress (25.2 ksi) in the LOX dome meridian welds, however, can
ﬁexceed the yield strength of repaired welds (23.6 ksi) in 201L-T6. To
simulate stress levels and crack sizes which may occur in a meridian weld
therefore, this rule, as well as certain others, was not invoked. As a
result, the calculated apparent values of Kte for the tests conducted
here may not»be useful in describing conditione much beyond the bounds
of these test conditions. The values are quite useful, however, in
comparing the effects of temperature, prior proof loading, and repair

welding on the fracture strength of the cracked panels.

The stress value used in the plots of fracture stress versus initial

flaw size is the net stress, ouf, calculated as:




g

- 2 (1]

On =
Ay WB = Aq
where P = fracture load
An = net ares
W = panel width

B = panel thickness

Ac area of crack

il

In a specimen of finite width, W, the net stress alvays exceeds the

gross stress, Og» defined as:

Og = ﬁ%— L.Ej
Figure 8 illustrates the effect of specimen width on the net and gross

| stresses of & panel of a given thickness containing a crack of a given

area. At great panel widths, the net and gross stress both approach a
common value (at infinite panel width, gross stress is equal to net stress).
The common value which both approach at great widths corresponds to the
stress,‘o, in a large structure vhich conteins a crack. At small panel
widths, both the net and gross stresses are less than o, but gross stress
is the least. Figure 8 illustrates that, for tests of narrow panels con-
taining cracks of relatively large area, use of gross stress leads to a
greater underestimate of panel strength than does use of the net stress.
Tests of panels of two different widths (6-inches and 12-inches), but containing

gimilar size cracks, were performed to demonstrate the width effect and

confirmed the use of net stress for evaluation of narrow (6-inch wide) panels.

17
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The use of net stress in describing the test results requires the
estehlishment of a number of conventions. Since flaw enlargement

was often observed on rising load, the area of the crack increased

during the loading cycle, the gross area remained the same, and the

net area decreased. The convention was established that net fracture
stresa would be caleculated using the area of the crack at the time of
Tracture, as nearly as that area could be determined; if no enlargement

of the flaw could be detected, the net fracture stress would be calculated

using the initial area of the crack. Crack areas were calculated from:

Ao = -—E—a(Qc)‘ (3]
where a = depth of partial-thickness crack
2¢ = surface length of partial-thickness crack

In some tests, the enlargement of the partial crack was so great that prior
to fracture the crack extended entirely through the thickness of the specimen.
The shape of the creck after extending through the specimen was such that

for these cracks the crack area was calculated from:

A = 1.2 B (2c) (]
vhere B = specimen thickness
2¢ = surface length of crack (on originally cracked

surface )

1.2 = a factor accounting for non-elliptical shape
of through-crack

19
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Flaw sizee} a/an, were calculated using net stress from:

B, = a | {:5]

Qnr g= - .212 (on/oy)2

<y
]

crack depth

g, = net stress

oy = yield strength

$ = 1+ Lk.5934 (a/2c)L-6499

2c¢ = crack length

Initial flaw size, ai/an, vas defined by initial crack dimension, ai and
2¢4,and by the net stress at fracture. Final flaw size (e.g.: flaw
enlargement due to proof loading) was calculated using equation {5] and

the enlarged flaw dimensions.

Kye values were calculated using initial flaw sizes and both the net stress

and gross stress. For net stress, the equation used was:

1/2
Krc(net) = 1.1VT onf e\i/QnQ /‘ (6]
where onpr = net stress at fracture
ay = initial crack depth
Que = #° - .212 (opr/0y)?

For gross stress, the equation used was:

1/2
l.l\/-f Ugf ai/ng>

Kicg = [7]
where Ogp = Bross stress at fracture
ai{ = 1nitial crack depth
Qgr = #2 - .212 (9gr/oy)?

L
|
%
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2.6.2 fThrough-Thickness Crack Tests

The results of tests on through-cracked; 12-inch wide spscimens were
treated by plotting gross fracture stress, oggp, versus length of

through~-crack at maximum 1oad,‘?c. Data bands were extended beyond

the test conditions by use of K, values calculated by:

WuMMwwﬁm”imw>
A

o = oge ¥ ten (B (8]
where Ogf = &ross fracture stress

W = specimen width

£, = length of crack at failure (critical length)

Values of nominal stress intensity, Koy, were also calculated with
equation [8:]but using initial crack length, fo, instead of the critical
length, !c- Because of geometric and mathematic limitations, the values
of K, could not be corrected for plastic strain and the reported values

are therefore low.

3.0 RESULTS

3.1 Weld Land Specimens

Weld land specimens with 5:3 reinforcement were tested to determine the
effect of bending stresses on the strength of surface-cracked welded panels.
In addition to static fracture tests of W-inch wide precracked specimens,
two specimens were Instrumented with strain gages to obtain bending dats,
and five 3/h=1nch wide strip tensile specimens were tested to obtain the

uniaxial tensile properties of the weld.
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3.1.1 Tensile Properties ot Weld Lands

Room temperature uniaxial tensile properties of transverse weld specimens
cut from the weld land of specimen 6-7 are listed in Table 2. The average
properties (Fty = 22,8 kel , Py, = Uh.1 kei, Ey = 11,700,000 psi) were
used»to evaluate the results of the bending and fracture tests described
below, and to characterize the weld land material. All welds were shaved

and all specimens failed in the weld.

' 3.1.2 Bending in Weld Lands

/ {  In order to determine the magnitude of bending caused by eccentric loading
/ of partial-thickness crack weld land specimens, two 4-inch wide specimens
were used. (By misteke, excessively long EDM notches, 2-inches long, had

been placed in these specimens. The influence of surface flaws upon the

nature of bending was, therefore, accentuated in these tests).

Strain gages were cemented to the specimens as shown in Figures 9 and 10

on both X (exterior) and Z (interior) faces in two locations. One pair

of strain gages (shown as trianguler symbols) was located on the weld center-
line,‘one-half ineh from the edge of the specimen. The other palr of strain
gages (shown as circular symbols) was centered on the parent metal of the
weld land, one-half inch from the weld centerline. The strains listed in
Table 3 were obtained by incremental loading to the gross stresses listed

in the same teble. The strain ratios, which are direct measures of the
extent of bending due to eccentric loading, are listed in Table 3 and

plotted versus gross stress in Figures 9 and 10.




TABLE 2

RESULTS OF WELD LAKD TENSILE TESTS

Specimen| Weld Thick. Weld | Weld wgld Failure
Number | Type | Width | at Weld | Temp. | Fty | Ftu ¥ | Location
(1n.) | (102) | (%F) | (ksi) | (wei) | (20° pst)
6-7-1 | Virgin | .T30 | ,206 T | =--- | 43.9 -me- Weld
6-T-2 | .T37 .223 ---=] 43.6 ———- Wela
6-T-3 RN aeee | 3.3 — Weld
6-T~k A . 766 .267 22.9| k.6 |  11.7 Weld -
6-7-5 1 .780 .209 22.6( 45.3 11.7 Weld
Avefage . 22.81 Lk.1 11.7
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CPABIER 3

WELD TAWD STRATH GAGE DATA

Strain, ¥, (10-2 inches)

Strain Ratio

el e e AR .
g Face Face Face Face
(psi)

_3-3 2310 18 5 22 L 3.6 5.5
Notch on 3470 Lo 9 Lo 8 bl 5.0
f;ge;izz 4620 52 b 58 13| 3.7 k.5

, 5000 55 16 63 1L 3.4 k.5

7000 88 30 98 28 2.9 3.5

8000 | 115 L1 122 36 2.8 3.4

10, 000 150 - 59 150 L6 2.5 3.3

2.0 1150 8 2 8 L b.o 1.9
ﬁotch on 2300 26 6 22 11 4.3 1.9
Exterior 3450 43 10 36 17 k.5 2.1
(X) Face 4600 60 b 51 23 b4 2.2
5000 65 15 55 25 L.h 2.2

6000 79 16 66 26 5.1 2.5




The curves indicate that, for interior notehes; bending is rather severe
at very low stresses but falls off rapidly as stress is increased.
Exterior surface notches apparently result in accentuated bending which
increases as the stress is increased in the low stress range. No data

was obtained on bending at high stress levels (above 10 kei gross stress).

f 3.1.3 Static Fracture Tests of Weld Lands

Results of fracture tests of weld land specimens at 70°F and -320°F are

listed in Teble 4. All specimens contained partial-thickness cracks on

/ the exterior (X) face, with the exception of specimen 3-3, which contained

a notch on the interior (Z) face.

Simple tenslile loading of weld land panels by gripping the

chem-milled region causes eccentric loading of the weld, as shown in

figﬁre 7, which results in higher stresses on the exterior (X) face than

on the interior (Z) face. Eccentric proof-loading of weld land specimens
caused considerasble flaw growth in all specimens except 6-1, which had the
smallest initial flaw size of all the specimens tested. The fracture surfaces
of specimens T-4 and 7-1 (shown in Figures 1l and 12, respectively) clearly
exhibited the crack growth which oceurred during eccentric proof testing at

70°F. Extra-eccentric loading, described in Figure 7, of specimen 6-5

caused the precrack to penetrate the thickness of the weld during the proof

test, as shown in Figure 13. Symmetric proof loading of "back-to-back"

weld land specimens caused a small amount of crack growth in specimen T-3

and no observable growth in the rest of the specimens. The fracture
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surfaces of specimen 7-6 (Figure 11) exhibited no visible flaw growth, and
the fracture surface<of specimens T-3 (Figure 12) exhibited only & smell
amount of flaw growth due to the proof loading. It should be recalled
that the presence of the flaw itself causes some bending in the weld.

In addition, the "back-to-back" configuration minimizes the eccentricity
of loading, but probably does not eliminate it. Figure 1i summarizes the
flaw growth data of Table 4 and demonstrates that flaw growth during proof
testing at 70°F is increased by increased eccentricity of loading and by

increased initial flaw size.

3.2 Uniform Thickness Specimens

3.2.1 Tensile Properties of Meridian Welds

Uniaxial tensile properties were determined for the uniform thickness welds
at‘?OoF and at -320°F to provide yield strength values for Kyec calculations.
The specimens were tested using strain gages on the weld deposit as well as
with & 2-inch extensometer to determine yleld values by two different methods.
‘The strain gages provided yield values for the weld deposit only. B8ince the
;:fracture toughness specimens failed in the pre-cracked weld deposit, these

| weldmetal values were used in the fracture toughness calculations. Unlaxisl
tensile properties for uniform thickness weldments are listed in Table 5.

To provide yleld strength data for welds proof tested at 'TOOF and then tested
at -320°F, two virgin and two repair weld tensile specimens were proof tested
at T0°F and then tensile tested at -320°F. The results of these tests are
lisied in Teable 6; and were used to calculate flaw sizes and stress intensities

in proof tested uniform thickuess precracked specimens.
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3.2.2 S8tatlc Fracture Teats of Meridian Welds

Uniform thickness precracked specimens of two widths were tested in this
program. Six-inch wide specimens (Figure 5) with artificial partial-
thickness cracks in the center of the weld underbead were loaded to
fracture at TOOF and -320°F to determine critical stress intensity

factors (Kpo), and fracture strengths. In addition, two similarly cracked
partial-thickness crack specimens, 12-inches wide, were tested statically
at TOOF to evaluate the'applicability of net section fracture strength data
from the 6-inch wide specimens to large structures such as the S-IVB LOX
tank. Also, two through-cracked 12-inch wide specimeﬁs were tested

statically at TO°F to verify previous data (Reference 3).

Sfatic test results for all 6-inch wide partial-thickness specimens are
1isted in Table 7. In addition, the results are depicted graphically as
net fracture étrength versus initial (precrack) flaw size at TOOF in
Figure 15, at -320°F after TO®F proof testing in Figure 16 and at -320°F
without prior proof testing in Figure 17. 1In each figure, the maximum
and minimum value of Ky, obtained is used to establish the scatter band
for the data. Values of flaw shape, net stress and Ky, were calculated

according to equations "1 |through { T jabove.

During TOOF proof testing, flaw growth occurred and was easily measured
on the fracture surfaces, as shown in Figure 18. In addition to depth-
wise and lengthwise growth, the gap width of the crack was observed to
increase, as shown in Figure 19. This phenomenon, described as "gaposis"

allows initially fine or "tight"” cracks to be easily detected by visual
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Figure 15. Stress Vs. Flaw Size for Partial-Thickness Crack Virgin and Repair Welds in Uniform
Thickness Panels Tested at 70°F
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Figure 16. Stress Vs. Flaw Size for Partial-Thickness Crack Virgin and Repair Welds in Uniform
Thickness Panels Tested at —~320°F After Proof Testing at 70°F
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Figure 19. Effect of 709F Proof Test on Crack Surface Appearance and Growth in Partial-
Thickness Crack Specimen (Gaposis)
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inspection or ordinary nondestructive testing methods (e.g. penetrant,

X-ray) after proof testing.

Static test data from through-cracked 12-inch wide panels are listed in
Table 8 together with previous data on 1/8-inch thick TIG-welded 201k-T6
(Reference 3). The data are also plotted in Figure 20. The eritical
crack length (/gc) was measured by scribing several lines on the specimen
perpendicular to and ahead of the cracks and spaced O.l-inches apart, as
shown in Figure 21. As the specimen was loaded, the crack grew and the
number of scribe marks intercepted prior to catastrophic failure was
noted by observers watching each crack tip. The total amount of growth

observed was then simply added to-po to obtain‘fc.

3.2.3 Cyclic Flaw Growth Tests of Meridional Welds

Results of cyclic flaw growth tests of 6-inch wide partial-thickness crack
specimens are listed in Table 9. Calculation of stresses, flaw sizes

and stress intensities was performed in the same manner as for static
tests, described above, except that the flaw dimensions at the beginning
of each loading or proof testing cycle were regarded as the initial flaw
dimensions for the cycle and, accordingly, were used to calculate (ai/an)
and Ky, values. At the seme time, the enlarged flaw dimensions at the end
of each cycle were used to calculate the net stress for the cyecle. In
those cases where flaw growth could not be measured, 1t was assumed that
no flaw growth had occurred during the cycle and the last measureable

dimensions were used, enclosed in parentheses in Table 9. No value of
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Figure 20, Stress Vs. Critical Length for Through-Cracked Virgin Welds in Uniform Thickness
Panels Tested at 70°F
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Figure 21. Scribed 12—Inch Wide Through~Thickness Crack Specimen




Ky is reported for cycles for which the erack was initially through the
thickness. However, in cases where the partial-thickness crack grew
through the thickness during the loading cycle, Ky values are listed,
having been based on initial flaw size (in accordance with the calculation

procedure for static tests).

L.0 DISCUSSION OF RESULTS

.1 PFlaw Growth in Weld Lands

It had been anticipated from strain gage data on S-IVB weld lands that
some flaw growth might occur during proof testing of weld lands containing
partial-thickness cracks. The data obtained in this study indicates that

a certain amount of subcritical flaw growth can be expected whenever &

surface-cracked element is loaded eccentrically in a way vwhich acts 1o bend

opén the erack. It has also been demonstrated that extra eccentricity of
loading will considersbly increase the amount of growth. However, even
uniform thickness panels with partial-thickness cracks exhibit flaw growth
when loaded, probably due to the bending induced by the presence of the
crack on one surface. However, it has also been shown that the strengths

of weld lands in which considerable flaw growth has occurred are approximately
the same as similar specimens in which cracks have not enlarged and also

the same as uniform thickness specimens containing similar partial-thickness
cracks. That is, the flaw growth which occurs due to bending apparently
does not reduce the net fracture strength of a precracked panel. .However,
no partial-thickness cfacks were placed on the interior (chem-milled)

Pace of the weld lands and the behavior of such cracks is difficult to




; predict. On one hand, one would expect that flaws of a certaln size or

larger would, during loading,; grow into regions of progressively higher
stresses, causing a rapid and rather abrupt fracture to occur. On the
other hand, the crack itself would be located so as to induce bending

stresses opposite to the weld land and might therefore be expected to

/' " 'neutralize the bending stresses and grow in a more stable manner. Tests
/ / of such interior surface-cracked weld lands would have to be made on
/
/ sufficiently wide panels to simulate the stress state in a large dome.

/ . k.2 Effect of Test Temperature, Weld Type and Prior Proof Testing
: on KIQ

The data obtained shows no significant difference between the range of

KIc values for virgin and repair welds at TOOF and -320°F tests. One

} , would certainly expect to find a major test temperature effect and a

i : minor weld type effect in welds containing much smaller flaws, &s the
‘ fracture stress approaches the ultimate strength of the uncracked material.
There is no need, however, to conslder fracture siresses so much greater

than operating stress.

Proof tested welds were also similar in Ky, and fracture strength to
nop-proof tested welds, except for one unusually low strength and Kie
for the single weld land specimen which was falled without prior proof
testing. Subject to-future digproof, that data point is asssumed to be
erroneous becanse it alone varies so much from the rest of the data.
Lest the data from specimen 6-l also be taken too much at face value,

it should be pointed out that this specimen failed suddenly in the




loading grip holes during an attempt to fall it at -320°F. It was then
gripped with rough friction jJaws (with poor control of alignment) and

failed at T0°F.

k.3 Use of Net Section Streases

The validity of using net stresses rather than gross stresses for the
6-1inch specimen was seriously questioned near the end of the testing
program. To demonstrate that net stresses were not unconservative for
the 6~inch specimens, two 12-inch wide specimens were prepared with
partial-thickness cracks similar to two 6-inch wide precracked specimens
wnich had been tested at 70°F. The gross fracture strength and KIcg
values for the 12-inch wide panels agreed completely with the net
fracture strength and-KIc(net) values on the 6-inch wide specimens

as shown in Figure 22. (All specimens were taken from virgin

welds prepared exactly alike on the same production fixture). The

use of net section sﬁ}esses ensbles one to simulate the behavior of
very large tanks with.reasonably-aized precracked specimens at a greatly

reduced testing cost.

- .4 leak-Before-Burst
4.k.1 Ieak Modes

The growth of a partial-thickness crack through the wall of a tank is
classified as a leak if no unstable growth occurs after penetration of
the wall. Stable extension of a partial-thickness crack cen occur on

rising load if sufficient bending is present. Depending on the initial
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size and shape of the partial-thickness crack, the degree of bending,
the maximum applied stress and the total thickness of the wall, the
stable extension of the crack may proceed until penetration and leaking
occurs. By the time penetration of a relatively thin wall hes been
completed, the character of the stress field near the crack front has
undergone a change from predominantly plane strain to predominantly
plane stress. If the maximum length of the penetrated crack is less
than the criticeal length of & through-thickness crack for that stress
level, the penetrated crack exists under plane stress stability.
Further extension of the penetrated crack would require incresased
épplied stress. On the other hand, if the maximum length of the
penetrated crack exceeds the critical length of a& through-thickness

crack, unstable crack propagation will take place.

Leak can also occur if a partisl-thickness crack becomes unstable,

propagates and penetrates the wall thickness becoming a through-

thickness crack of length less than critical for plane stress instability.

Such a crack would arrest sfter penetration and become stable as a
lesking, through-tﬁickness erack. Further extension of the crack would
require increased applied stress. If the length of the crack at the
time of penetration exceeds the critical length for plane stress

instablility, unstable)propagatioq would continue.
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k4,2 Evidence for 8table Leak Conditions

Stable penetration of the thickness by an initially partial-thickness
crack was observed in a number of specimens tested in this program.

In most of these specimens, the leak was detected after proof testing;
the stress level at which penetration took place was not observed.

In the two 12-inch wide partial-thickness erack specimens statically

tested at TOOF, observers detected penetration at & stress level well

below the fracture stress.

In reviewing the test results it was observed that the initial depth of
partial-thickness cracks which did not penetrate the thickness during
proof loading was never greater than about 0.150-inch. All partial-
thickness cracks having initial depths of about 0.154-inch, or greater,
penetrated the thickness during proof testing at TOOF. Sufficient data
were not obtained to make a complete analysis of conditions conducive
4o Btable leask. However, based on the observations made during this
test program, it appears that partial-thickness cracks in the meridian
weld of the LOX dome, having an initial depth equal to or greater than
80% of the weld thickness, can penetrate the wall in a stable manner
and leak during proof test without causing catastrophic fracture of the
tank. The minimum length of such stable, leaking cracks is not known;
the maximum length, however, based on the minimum fracture toughness of
12-inch wide through-crack specimens (Figure 20), is 4.k-inches.

Application of plane stress data from 12-inch wide panels to a large

structure such as the S5-IVB is extremely conservative since the critical




length of through-thickness cracks is sirongly dependent on specimen
geoﬁetry end is known to increase with increasing width. Nevertheless,
_1f these data could be applied directly to the meridian weld of the LOX
dome, they would indicate that through-thickness cracks longer than

4.h-inches would result in catastrophic fracture at the proof stress

level.

It was noted above that no temperature effects between 70°F and -3209?
were observed on the fracture toughness of the welds as determined with
partial-thickness crack tests. Assuming that the same observation
would be made for through-thickness crack tests, the date obtained at
706F could then be applied to operating conditions for the LOX tank.
Again applying the 12-inch wide specimen data directly to the LOX dome
meridian welds and ignoring width effects, through-thickness cracks
longer than 2.55-inches would result in catastrophic failure at the

maximum operating stress.

4.5 Assessment of Safety of LOX Dome Weldments

' The minimum degree of safety of the meridian welds in the LOX dome can be
assessed by considering minimum toughness at maximum operating stress and
disregarding the very conservative nature of available through-thickness

‘erack data.

The lower bound of all data obtained from all specimens tested under all
conditions (Figure 23) provides a critical value of ai/q at operating
~ stress of 0.134-inch. TIn Figure 24 the various combinations of crack

depth and crack length which characterize an ai/Q of 0.13%4-inch are
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plotted. Based upon & valus of ﬁi/Q of 0.134-1ineh, all initial partial-
thickness cracks, the dimensiong of which fall below the curve in Figure 2k,
are stable at the operating stress; those cracks above the curve would

result in failure of the LOX tank.

However, some of the very deep (deeper than about 80% of the weld thickness)
partial-thickness cracks would penetrate the thickness during proof test.

If the penetrating cracks were longer than 4.4-inches, failure of the tank
would have occurred at proof stress. If the penetrating cracks were
shorter than 4.hk-inches, a stable leak would have occurred and would have
‘been detected either in proof test, during inspection sfter proof test, or
during the lesk check. Such leaks would have been repsired. As a
consequence, all cracks above the dashed line in Wigure 2k would have

been discovered before the tank became operational.

A partial-thickness crack having a depth in the range of 62% to 80% of

the weld thickness could survive the proof test without leaking or
fracturing as evident in Figure 24. However, the plastic tensile strain
imparted to the weld metal near the periphery of such a crack during

proof test wbuld result in & permanent displacement of the crack surfaces
(gaposis) after release of the proof pressure, making penetrant inspection
considerably more sensitive. All cracks exhiﬁiting gaposis are therefore
detectable by standard post-proof inspection procedures. If a crack,

62% to 80% through the weld, somehow should escape post-proof inspection,
1t could become unstable at the operating stress and penetrate the weld

~ thickness. If the length of the penetrating crack were less than 2.55-inches,
the erack would be arrested and would constitute & stable leak. 1f the

length of the penetrating crack were greater than 2.55-inches, the




penetrating erack could be unstable in plane siress and could result

in failure.
These considerations are listed in Table 10.

5.0 CONCLUSIORS

As a result of analyzing data produced by tests conducted in this program
and considering only minimum toughness as the worst case, the following

j cthlusions can be stated:
Regarding the test data:

1. FNegligible differences exist in the fracture toughness of

virgin and repair welds in 2014-T6 at TO’F and -320°F

2. Proof testing at 70°F has little influence on the fracture

toughness of virgin and repair welds tested at —320°F.

/ / 3. Depending upon the degree of bending, the initial depth of

/ the partial-thickness crack, and the applied stress, stable
/ extension of cracks can occur on rising load. Depending on
the thickness of the section, the stable extension can result
in & lesk. Stable extension occurring on one loading cycle
has no detrimental effect on the fracture strength observed

in a subsequent load cycle.

k., Por tests of narrow panels containing large partial-thickness
cracks, the use of net stress is advisable in analyzing the

results to avoid over-conservatism.
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Regarding proof test of the S-IVB LOX dome meridian welds:

1. Partial-thickness cracks having a depth greater than about
’80% of the weld thickness can leak during proof test 1f the
crack length is less than 4.k-inches. If the crack length
is greater than h.lk-inches, a crack deeper than 80% of the

weld thickness can result in failure during proof test.

2. Partial-thickness cracks having a depth less than about 80%
of the weld thickness will not lesk or cause failure during

proof test.

3. Partial-thickness cracks less than 80% of the weld thickness

or lesking cracks which survive proof testing can readily be

detected by standard post-proof testing including visual

inspection, penetrant inspection or leak testing.

Regarding operating conditions for the S-IVB ILCX dome meridien welds:

1. Partial-thickness cracks in LOX dome meridian welds having &

depth less than 62% of the weld thickness which survive proof

test and post-proof inspection without detection cannot lesak

or cause fallure during service at the maximum operating stress.

2. Partial-thickness cracks having a depth between 62% and 80%
of the weld thickness which survive proof test and post proof
inspection can penetrate the thickness and become a stable
leak if the length of the crack does not exceed 2.55-inches.

If the crack length is greater than 2.55-inches; the penetrating

crack can result in failure of the LOX dome at the maximum

operating stress.
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Regarding the conservatism of conclusions drawn from analysis of results

of narrow panel tests as epplied to large scale structures:
pa

1. A large degree of bendlng exists in full scale dome welds
thus promoting stable extension of partial-thickness cracks
therein, leading to the formation of leaks. Similar bending
in narrow flat panels (particularly those of uniform thickness)
must be less severe. It is therefore reasonable to conclude
that the 80% depth requirement for leaks in a full scale dome
weld 18 too conservative and that leaks occur much more

readily in full scale domes than in flat test panels.

2. The critical through-thickness crack length of narrov panels
at & given stress level is less than the critical length of

wider panels or of full scale domes. It is therefore

reasonable to conclude that the maximum length of stable
leaking cracks in a full scale dome is grester than in
narrow (12-inch) panels and that the failure condition for
penetrating cracks exceeds the overly-conservative estimates

of 4.h4-inches for proof stress and 2.55-inches for operating

stress.

3. The premise that partial-thickness crack depths in the range
62% to 80% of the thickness and greater than 2.55-inches long
can survive post-proof inspection after plastic displacement
(gaposis) due to proof loading is not overly conservative

provided there is a location in the full scale dome where




post-proof inspection of the meridien welds is not possible.
Ko sueh location exists in the S-IVB LOX dome and it is
therefore reasonable to conclude that this premise is overly

conservative.

6.0 RECOMMENDATIOR

In view of the evidence supporting the likelihood of leak-before-burst at
maximum oparating stress and of the highly conservative nature of this
analysis, it is recommended that alteration of current proof test and

operating conditions for the S-IVB LOX dome not be considered.
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APPENDIX A

HONDESTRUCTIVE METHOD OF DETERMINIKG FLAW DEPTH

For the greater portion of tests in the test program it was desired to

test specimens contalning flaws of a precise pre-selected size. During

flexural pre-cracking, optical means were used to measure crack length

in order to terminate the operétion when the crack had grown to within

a few thousandths of an inch of the desired length. It was not possible,
however, to predict accurately the crack depih achieved in the pre-cracking

operation. This could only be accomplished by measuring the flaw dimensions

on the fracture surface after mechanical testing.

X-ray, an excellent qualitative, nondestructive test for cracking, was not

suitable for making crack depth determinations. Therefore, an alternate

" nondestructive test was sought which could provide guantitative data

relating to flaw depth prior to specimen testing. The method employed
consisted of taking eddy current readings both in the area of the flaw and
in sound weld metal, using the F. W. Bell Model 1090 Magnetic Reaction
Analyzer (MRA) which has been described elsewhere (Reference A-1). Later,
following mechanical testing, actual flaw depth was measured and vas
plotted against the MRA reading to generate & curve for flaw depth vs.MRA

reading.

The difference between crack and sound weld MRA readings, and the
corresponding crack depth measurements from the several virgin and

double repaired weldments are plotted in Figure A-l.
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This effort was only partially successful 1in providing & quantitetive

nondestructive test of erack depth. Considerable mscetter in test data

wvas observed. Particularly, in the deep flaw reglon (0.120 to 0.180-
inches), the range of flaw sizes most often used in this study, the
data exhibit the most scatter. 1In this region crack depth could be
praedicted to an accuracy of only + 0.020-inch. In the shallow flaw
range, under 0.100-inch, where the curve is flatter, a sufficient

number of specimens were not available to accurately establish the

MRA reading scatter band.

Scatter in test data was due to several factors; most of whieh are
known, and which can be accounted for with sufficient testing. Weld

metal chemistry changes alter the MRA readings whether a flaw is

present or not. Obviously, repaired welds, which confain gresater and,

perhaps, more widely varying amounts of 4LOk3 (5 per cent silicon) filler
alloy will give MRA readings different from virgin welds. Changes in
the metsllurgical structure of the weld deposit can also produce changes
in MRA readings. Such changes may occur as the result of the history of
a partiocular specimen. Proof testing, for example, can cause varylng
deéreea of ylelding of the weld deposit; depending on the stress level

and the chemistry (virgin/repair) of the weld deposit. Thermal treatments,

Atoo, such as the 160°F, TO hour cure that several of the specimens were

given, may well affect the MRA readings. Crack or notch opening further

influences MRA readings. The EDM notches were machined to a gap of from

0.005 to 0.010-inch. Again, proof testing, which tends to open flaws may




further affect the MRA readings. Finally, wmaterial thickness variations,
possibly caused by variations in the weld shaving operation, will also
produce differences in MRA readings. TNone of the above variables, with
the exception of notches versus cracks were considered in this effort.
Other factors which may have significantly affected test scatter are
possible inconsistencies in calibration and set-up of the apparatus

and,vparticularly, operational difficulty in holding the probe tip on the

irregular panel surfaces.

In order to utilize effectively the eddy current test method of non-
destructively determining flaw depth additional expsrimentation will

be required. More data is particularly needed in the shallow flaw

range. It will be necessary to develop correction factors for each of

the several variables whigh are known to influence eddy current readings.
As an alternative, it may be preferable to generate crack depth vs MRA
value curves for each alloy, material thickness, and environmental history
under which specimens may be tested. Feasibility of the method has been

demongtrated.

Reference:

A-1. W. W. Reinhardt, "Nondestructive Thickness Measurement of Dyna-Therm

Coatings", Douglas Report DAC 59588, to be published 1968.
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